Aims/hypothesis The aim of the study was to examine the association of existing diabetes (i.e. already diagnosed prior to pregnancy), gestational diabetes and glycosuria (both diagnosed and ascertained during pregnancy) with birthweight and future offspring BMI, waist circumference and fat mass (assessed by dual x-ray emission absorptiometry).
Methods A prospective pregnancy/birth cohort study was performed using data from the Avon Longitudinal Study of Parents and Children. Results Among 10,591 mother-offspring pairs included in analyses with birth size, women with existing diabetes (n=40), those diagnosed with gestational diabetes (n=53) and those with at least two episodes of ++ glycosuria (n=372) had greater mean birthweight and odds for macrosomia (birthweight>4,000 g) than women with none of these. Adjusted odds ratios for macrosomia were 3.56 (95%CI 1.53-8.28), 5.50 (95%CI 1.18-10.30) and 1.58 (95%CI 1.18-2.12) for existing diabetes, gestational diabetes and glycosuria, respectively. Among 6,842 motheroffspring pairs with anthropometric measurements at age 9-11 years, maternal gestational diabetes and glycosuria (but not existing diabetes) were associated with increased offspring odds of general or central overweight/obesity. For gestational diabetes, these associations attenuated towards the null with adjustment for maternal prepregnancy BMI, but independent associations remained for glycosuria. The adjusted odds ratio for general overweight/obesity when comparing women with at least two episodes of ++ glycosuria with those with no evidence of diabetes or glycosuria was 1.35 (95%CI 1.00-1.82) and that for central obesity (top 10% waist circumference vs all others) was 1.31 (95%CI 1.00-1.72). Conclusions/interpretation These results provide some evidence for a long-term effect of maternal glycaemia in pregnancy on offspring obesity risk.
Introduction
Gestational diabetes is associated with higher birthweight and greater fetal adiposity [1, 2] . Among non-diabetic mothers there is a linear association between fasting and postchallenge glucose and greater birth size [3] . Fuelmediated teratogenesis (also known as fetal or developmental overnutrition) has been suggested as the most likely mechanism for these associations [4, 5] .
The resulting fetal overnutrition may also programme offspring to life-long increased adiposity [6] . In studies of Pima Indians, a marked excess in the risk of obesity has been found at all ages from birth to 20 years in offspring born to mothers who had diabetes during their pregnancy compared with the offspring of either mothers who developed diabetes later in their lives or those who never developed diabetes [7] [8] [9] . In a nuclear family study, also conducted in Pima Indians, obesity was greater among offspring born after the mother had been diagnosed with diabetes than in their sibs born before their mother's diagnosis [10] . These differences were not found in siblings born before and after the father was diagnosed with type 2 diabetes, suggesting that, in a population at high risk of obesity and diabetes, exposure to maternal diabetes in utero has long-term effects on the offspring that are in addition to genetic and shared familial factors. If intrauterine exposure to gestational diabetes is causally related to later offspring obesity via intrauterine pathways, this could result in an acceleration of diabetes and obesity risk that would continue across several generations even with improvements to the obesogenic environment [11] . Given the limited evidence from non-Pima populations for associations of gestational diabetes/hyperglycaemia with the longterm risk of offspring obesity, further study in these populations is required [6] .
In countries where universal screening for gestational diabetes is not undertaken by fasting or random glucose or glucose challenge testing, the presence of glycosuria has been used as screening method [12] . This approach is relatively cheap, non-invasive and acceptable to pregnant women [12] . However, most national guidelines [13, 14] do not recommend it as a screening tool. These guidelines give its low sensitivity for identifying hyperglycaemia/gestational diabetes determined by the glucose tolerance test as a reason for not supporting its use [15] . However, the is a paucity of evidence on the sensitivity and specificity of glycosuria for gestational diabetes screening. One retrospective study of 3,217 women demonstrated a sensitivity of 7%, specificity of 99% and positive and negative predictive values of 13% and 97% respectively [16] . These findings are similar to those of a more recent prospective study of 1,001 women [17] . In a study examining prescreening based on risk factors, the strongest predictor of gestational diabetes was glycosuria, with an odds ratio of 9, with capillary fasting glucose having a null odds ratio and high BMI, family history, previous gestational diabetes and macrosomia having odds ratios between 1.5 and 4 [18] . To our knowledge, few previous studies have examined the association of glycosuria with macrosomia and none have examined its association with future offspring obesity. This is important since adverse perinatal and long-term outcomes are at least as important as a diagnosis of gestational diabetes.
The aim of this study was to examine the association of existing diabetes, gestational diabetes and glycosuria in pregnancy with birthweight, macrosomia and future offspring BMI, waist circumference and fat mass, assessed by dual x-ray emission absorptiometry (DXA) at ages 9-11 years in a large UK general populationbased study.
Methods
Study population and general procedure The Avon Longitudinal Study of Parents and Children (ALSPAC) is a longitudinal, population-based birth cohort study that recruited 14,541 pregnant women resident in Avon, in the south west of England with expected date of delivery between 1 April 1991 and 31 December 1992 (www.alspac. bris.ac.uk) [19] . ALSPAC aims to examine the genetic and environmental (including intrauterine) determinants of development and health. Participants are representative of pregnant women in the Avon area in the 1990s and similar to women of reproductive age across the UK [19] . We restricted our analyses to mother-offspring pairs that were singleton pregnancies and live births who survived to at least 1 year of age (n=13,678). Of the 13,678 live-born singleton infants who survived to 1 year, 10,725 (79%) had complete data on maternal diabetes/glycosuria status during pregnancy. These 10,725 mother-offspring pairs formed our eligible cohort for analyses. Of these 10,725 pairs, 10,591 (99%) had complete data on birthweight and were used in the analyses examining associations with birthweight and macrosomia.
Ethics approval for all aspects of data collection was obtained from the ALSPAC Law and Ethics Committee (IRB 00003312) and the local research ethics committee.
From age 7, surviving offspring, with parental consent, were invited to regular follow-up clinics at which height, weight and waist circumference were assessed; from age 9, fat mass was assessed by DXA. Among the 10,725 eligible mother-offspring pairs, 6,771 (63%) of the offspring had data on fat mass, 6,842 (64%) had data on BMI and 6,854 (64%) had data on waist circumference assessed between ages 9 and 11 years. These groups formed the analysis participants for examining associations with later childhood outcomes. Compared with the original recruited population, children attending the clinic were more likely to be from a higher socioeconomic group and have more educated parents and older mothers [19] .
At recruitment, women were asked about existing diabetes and any previous history of gestational diabetes. Research midwives using a standard protocol abstracted information on clinical diagnoses of gestational diabetes and glycosuria for the index pregnancy from the antenatal, pregnancy and postnatal medical records. The midwives searched all aspects of these records and gestational diabetes was defined as any record of a diagnosis of gestational diabetes at any time during the pregnancy in women without existing diabetes at the start of pregnancy. At the time that this study was undertaken, UK policy was for women who had glycosuria and/or risk factors (obesity, family history of diabetes, previous gestational diabetes or macrosomia, and women from ethnic groups at high risk) to be offered further testing, which could include a fasting glucose or oral glucose tolerance test. Information on glycosuria (recorded as none, trace, +, ++, +++ or more) was abstracted from the records of each antenatal clinic visit made by the woman (median number, 14 per woman). UK practice at the time of this study was for all pregnant women to have urine tested for glycosuria and proteinuria at every antenatal clinic visit. Glycosuria was defined as a record of at least ++ (equal to 13.9 mmol/l or 250 mg/100 ml) on at least two occasions at any time during the pregnancy. Because some level of glycosuria is common in pregnancy as a result of increased glomerular filtration rate [20] , 250 mg/100 ml is the threshold that has generally been used for indicating the need for further testing to diagnose gestational diabetes [16, 17] . Using these data, we classified the women into one of four mutually exclusive categories: no evidence of glycosuria or diabetes (hereafter referred to as 'healthy women'); existing diabetes before the pregnancy; gestational diabetes (i.e. a diagnosis in the medical records of gestational diabetes in any woman with no history of existing diabetes); and glycosuria (i.e. ++ glycosuria on two occasions in women with no evidence of existing or gestational diabetes).
Gestational age and infant birthweight were recorded in the delivery room and abstracted from obstetric records and/or birth notifications. Birthweight standard deviation (z-) scores, standardised internally for sex and gestational age (in completed weeks) were calculated. Macrosomia was defined as a birthweight >4,000 g and large for gestational age (LGA) was defined as >90th centile of the birthweight for sex and gestational age z score.
Identical protocols were used at both the 9-and 11-year follow-up clinics. Weight and height were measured in light clothing and without shoes. Weight was measured to the nearest 0.1 kg using Tanita scales (Porter Nash Medical, London, UK). Height was measured to the nearest 0.1 cm using a Harpenden stadiometer. Waist was measured to the nearest 1 mm at the mid-point between the lower ribs and the pelvic bone with a flexible tape. A narrow fan beam densitometer (Lunar Prodigy; GE Healthcare Luncar Ltd, Cambridge, UK) was used to perform a whole-body DXA scan, in which bone content, lean and fat mass were measured. For all analyses with offspring BMI, waist circumference and fat mass as the outcome, we used sex and age (in month categories) standard deviation scores (z scores). As in a previous study using these data [21] , we completed analyses with a combined outcome of 9-or 11-year z score (i.e. we included participants if they had attended and completed assessments at either the 9-or 11-year follow-up assessment, using the 9-year assessment for all who had these measurements and the 11-year assessment for those who did not have a 9-year measurement). Among those participants with assessments at both clinics, measurements at each clinic were highly correlated (Pearson's correlation coefficient was 0.93 for BMI, 0.88 for waist and 0.93 for fat mass). General overweight/obesity was defined using the International Obesity Taskforce age-and sex-specific thresholds for childhood BMI [22] , and central obesity was defined as an age-and sex-specific waist circumference ≥90th percentile [23] , based on waist circumference percentile curves derived for British children [24] .
Maternal parity, mode of delivery and the child's sex were obtained from the obstetric records. Based on questionnaire responses, the highest parental occupation was used to allocate the children to family social class groups (classes I [professional/managerial] to V [unskilled manual workers], using the 1991 British Office of Population and Census Statistics classification). At enrolment, the mother was asked to record her height and prepregnancy weight, from which prepregnancy BMI was calculated.
Mothers were asked about their smoking throughout pregnancy and these data were used to generate a categorical variable: never smoked prior to or during pregnancy; smoked only in prepregnancy or in the first trimester; smoked throughout pregnancy (reported smoking in second and/or third trimester).
Statistical analyses We used multivariable linear regression to examine the association of maternal glycosuria/diabetes with offspring anthropometry, controlling for potential confounders. We adjusted for the number of urine tests that the woman had completed during her pregnancy. Number of urine tests is unlikely to be related to outcomes (and therefore unlikely to confound associations), but may contribute to exposure measurement error, since women who have more clinic visits and hence more urine tests will have a greater opportunity for fulfilling our criteria or two or more episodes of ++ elevation of glycosuria. In models with fat mass as the outcome, we adjusted for height and height squared (assessed at the same time as the DXA scan) so that we had a measure of association with fat mass that was not determined by height [21] .
Within each of our main analysis datasets (n=10,591 for birthweight/macrosomia/LGA and n=6,771-6,854 for fat mass) there were small amounts of missing data on individual confounding factors. For most confounding variables, between 0% and 5% had missing data; head of household social class had most missing data (9.5%). For the main multivariable analyses, in which we adjusted for potential confounding factors, 8,519 (80%) of the 10,591 pairs included in the birthweight/macrosomia analyses and 5,807-5,893 (86%) of the 6,771-6,854 included in the later outcome analyses had complete data on all potential confounding factors. We used multiple multivariate imputation [25] , using all other covariables, to impute values for missing covariable data in both of our main analyses. We repeated all analyses including only those with complete data (without imputation) and found no substantive difference between those analyses and the ones presented here with multiple imputations.
All analyses were conducted using Stata version 10.1 (Stata Inc., College Station, TX, USA). Values are mean± SD unless stated otherwise.
Results
Of the 10,591 mother-offspring pairs included in the birthweight analyses, 10,126 (96%) were defined as healthy; 40 (0.4%) had existing diabetes; 53 (0.5%) were diagnosed with gestational diabetes (of whom 19 had experienced gestational diabetes in one previous pregnancy) and 372 (3.5%) had glycosuria. Similar proportions of women were in each category among the 6,771 motheroffspring pairs included in the fat mass analyses: 6,478 (96%) had no evidence of diabetes or glycosuria; 26 (0.4%) had existing diabetes; 38 (0.6%) had gestational diabetes and 229 (3.4%) had glycosuria. Proportions of mothers with diabetes or glycosuria were also the same for offspring with data on BMI and waist circumference at age 9-11 years. Women diagnosed with gestational diabetes had more episodes of ++ glycosuria than healthy women (mean difference in number of episodes of ++ glycosuria, 1.70, 95% CI 1.47-1.93). Of the total of 40 mothers with existing diabetes 31 (77.5%) reported that prior to their pregnancy they were being treated with insulin, two were being treated with oral hypoglycaemic agents and six with diet only (one did not provide treatment information). The median age at diagnosis of diabetes (data available for all 40) in these women was 12 years (interquartile range 9-22) and all were diagnosed before age 29.
Mean birthweight was 3,363±510 g in females and 3,476±559 g in males, with 552 (10%) of females and 874 (16%) of males being macrosomic. Mean BMI and waist circumference at age 9 years in females and males respectively were 17.9±3.0 kg/m 2 and 17.5±2.8 kg/m 2 , and 626±79 mm and 632±77 mm. Twenty three percent (1,570) of the participants were overweight or obese at age 9-11 years; overweight or obesity was more common in females than males (25% vs 21%, p<0.0001). Thirty-eight per cent (2,614) of the participants were centrally obese at age 9-11 years; central obesity was more common in females compared with males (42% vs 35%, p<0.0001).
Median fat mass at age 9-11 years was 8,494 g (interquartile range 5,953-12,160 g) in females and 5,790 g (3,997-9,248 g) in males. By age 11 years, the mothers of this cohort reported that 13 (six male) offspring were on treatment for diabetes; all were using insulin.
In univariable analyses, maternal BMI was weakly positively correlated with birthweight (r=0.17, p<0.00001) and modestly positively correlated with offspring BMI, waist and fat mass (all r∼0.3; p<0.00001 for all). As reported previously in this cohort [26] , birthweight was weakly positively correlated with offspring BMI, waist and fat mass (all r∼0.1; p<0.00001 for all). Offspring BMI, waist and fat mass at age 9-11 were all strongly positively correlated with each other (all r>0.9; p<0.00001 for all). Table 1 shows participant characteristics by maternal diabetes/glycosuria status. Table 2 presents the multivariable associations of maternal diabetes/glycosuria status with offspring birthweight and macrosomia. Results for LGA were essentially the same as those presented for macrosomia and are therefore not presented. Existing diabetes, gestational diabetes and glycosuria were all associated with greater mean birthweight and with odds of macrosomia. Adjustment for potential confounding by maternal age, social class, parity, smoking in pregnancy and mode of delivery resulted in modest attenuation (model 2). Inclusion of maternal prepregnancy BMI resulted in more marked attenuation (model 3); however, the observed positive associations with birthweight and macrosomia remained ( Table 2) . Additional adjustment for number of urine tests in pregnancy did not alter any of the results presented in Table 2 . Table 3 presents the multivariable associations of maternal diabetes/glycosuria status with offspring BMI, waist circumference and fat mass at age 9-11 years. Similar patterns of association were seen for BMI and waist circumference, both gestational diabetes and glycosuria being positively associated with mean levels of these and with odds of general and central obesity in the basic model (model 1) and in the model additionally adjusting for maternal socioeconomic position, age, parity, smoking in pregnancy and mode of delivery (model 2). However, because of small numbers, the association with gestational diabetes was imprecise. Further adjustment for maternal prepregnancy BMI (model 3) resulted in attenuation, particularly of the associations with gestational diabetes.
Glycosuria was also positively associated with mean fat mass in all three models. Existing diabetes was not associated with BMI or waist circumference or with obesity. Adjustment for birthweight (either as a continuous variable or as macrosomia) and for number of urine tests completed during the mothers' pregnancy did not alter any of the associations in Table 3 .
When analyses were repeated removing the nine motheroffspring pairs for whom mothers had existing diabetes but were not being treated with insulin, the results did not differ from any of those presented. Similarly, when analyses were repeated removing the 13 mother-offspring pairs in which the offspring had evidence of type 1 diabetes (treatment with insulin), the results did not differ from those presented. The number of maternal-offspring pairs (pregnancies) varied from 6,771 to 10,591 for different characteristics a p value for null hypothesis of no difference across the four groups (i.e. 3 df)
b Defined according to International Obesity Taskforce age-and sex-specific thresholds [17] c Defined as waist circumference ≥90th percentile using British childhood age-and sex-specific thresholds [19] LGA, large for gestational age (>90th percentile of the birth weight z score standardised for sex and gestational age)
Discussion
In this general population sample of women who were recruited during their pregnancies in the early 1990s in the UK, we found all three of existing diabetes, gestational diabetes and glycosuria pregnancy to be positively associated with mean birthweight and macrosomia. Women with existing diabetes and gestational diabetes had 8.5-and 4.3-fold increased risk of having an infant with macrosomia compared with women who had no evidence of diabetes or glycosuria during pregnancy. The increased risk associated with glycosuria was more modest at 1.7. Gestational diabetes and glycosuria were associated with greater offspring mean BMI and waist circumference, and with increased odds of general or central overweight/obesity, at age 9-11. However, the associations of gestational diabetes with these outcomes were imprecisely estimated because of small numbers, and attenuated to null with adjustment for maternal prepregnancy BMI. Existing diabetes was not associated with greater risk of overweight/obesity in offspring in later life in this study.
The main limitations of this study are the small numbers with existing or diagnosed gestational diabetes; our lack of knowledge about exactly how gestational diabetes was diagnosed; lack of knowledge about how women with diabetes (existing or gestational) were treated during the index pregnancy; and the probability that our category of women with glycosuria included a heterogeneous group of women, including those with undiagnosed gestational diabetes and hyperglycaemia, but also some with blood glucose levels in the normal range. Thus, the associations we have observed with glycosuria may be an underestimation of the true association of maternal hyperglycaemia with offspring adiposity because of non-differential measurement error. We are unable to examine the association of maternal diabetes/glycosuria with offspring fasting insulin or glucose currently in this study. However, these outcomes are now being assessed in the children who are currently in adolescence/young adulthood and will be available in the future.
The positive associations of gestational diabetes and glycosuria with later offspring obesity provide some support for the long-term effects of developmental overnutrition. Our results add to the limited literature in this area for non-Pima populations. In a study of 524 US women, all of whom were at high risk of gestational diabetes, exposure to mild diet-treated gestational diabetes (n=58 cases) was not associated with mean BMI or obesity in offspring assessed up to age 8-10 years [27] . In the larger US Growing Up Today Study (n=14,881 participants; 465 with gestational diabetes), results were similar to ours [28] . Maternal retrospective report of gestational diabetes (up to 40 years later) was associated with being overweight at age 9-14 years (odds ratio 1.4; 95% CI 1.1-2.0) [28] . However, this attenuated towards the null upon adjustment for maternal BMI (odds ratio 1.2; 95% CI 0.8-1.7). Adjustment for maternal BMI in that study, as well as our own, may represent overadjustment since this may be part of the developmental overnutrition mechanism [29] . The role of maternal obesity in fetal overnutrition is supported by results from a Danish study in which offspring of women with type 2 diabetes risk factors (obesity and family 2 ), with all three being greater than the mean BMI of offspring whose mothers had no risk factors and no evidence of gestational, type 1 or type 2 diabetes in pregnancy (n=120; mean BMI 22.4 kg/m 2 ) [30] . In the absence of universal screening for gestational diabetes with oral glucose tolerance tests in this study population, it is likely that some of women with glycosuria would fulfil current criteria for a diagnosis of gestational diabetes. This is supported by the low prevalence of gestational diabetes (0.4%) in this study sample compared with prevalences of 1.2% and 1.8% among UK women who were screened, for research purposes, with fasting glucose and/or oral glucose tolerance tests, respectively, in the early 1990s [31, 32] . Women with glycosuria (who were not diagnosed with gestational diabetes) will not have been treated in any way to reduce their glycaemia and therefore fetal overnutrition may have occurred. Interestingly, the lack of attenuation to the null in this group with adjustment for maternal BMI suggests that higher maternal glucose levels, independent of adiposity, may be a risk factor for offspring adiposity.
In addition to fetal overnutrition as an explanation, it is also possible that a genetic or lifestyle predisposition to greater BMI and obesity in mothers results in their hyperglycaemia and hence glycosuria, and is inherited (genetic) or adopted (lifestyle) by their offspring, thus resulting in greater weight at birth (genes only) and throughout life. Studies of siblings among Pima Indians suggest that in that population the association of maternal gestational hyper- glycaemia with later offspring obesity is likely to be explained by specific intrauterine effects in addition to any genetic or behavioural mechanisms [10] . While some mothers in the ALSPAC study did have more than one live birth during the 2-year recruitment period, numbers of siblings within the study sample are too small to undertake within-sibling analyses. Existing diabetes in this study was not associated with increased adiposity in offspring in later life. Given the mean age at diagnosis of diabetes in these women (12 years) and the fact that the majority were treated with insulin, we can assume that most of these women had type 1 diabetes. Studies to date that have examined the association of existing maternal type 1 diabetes with future offspring BMI or other markers of adiposity have produced varied results, with some showing greater BMI/adiposity in offspring of such mothers [30, 33] and others, like ours, showing no association [34, 35] . This variation could be due to small sample sizes in all of these studies, the number of mothers with existing diabetes in each study being 17 [35] , 26 (our study), 61 [34] , 75 [33] and 160 [30] . In addition to these studies, a recent study demonstrated that the adult offspring of mothers with existing type 1 diabetes during their pregnancy (n=15) had similar mean BMI, waist/hip ratio and total fat mass to offspring whose fathers had type 1 diabetes (n=15) [36] .
A null or weaker association of existing diabetes with future offspring adiposity compared with that for gestational diabetes/hyperglycaemia may occur for a number of reasons. First, most studies to date, including ours, have had small numbers of mothers with existing diabetes, which makes the association difficult to interpret. Second, existing diabetes may be better controlled throughout the whole of pregnancy than newly occurring gestational diabetes/hyperglycaemia, and thus the developing fetus will be exposed to less extreme maternal glycaemia than fetuses of mothers with gestational diabetes/hyperglycaemia. In general, gestational diabetes is diagnosed from 24 weeks onwards and in our study many women with gestational diabetes may have been undiagnosed and therefore untreated. The small group of women in our study with existing diabetes may have been particularly well controlled. This would be consistent with the relatively modest increase in birthweight (SD 0.36) seen in our study for existing diabetes when gestational age was taken into account. The similarity in adiposity levels in offspring of mothers and fathers with type 1 diabetes provides some support for a genetic or shared familial environment mechanism, rather than an intrauterine mechanism linking these two [36] .
Our study provides some evidence for a long-term effect of developmental overnutrition resulting from maternal hyperglycaemia during pregnancy on the risk of obesity in future offspring. If these findings are replicated in larger studies with more detailed measurements of gestational glycaemia they will further emphasise the importance of controlling maternal glycaemia in pregnancy as a means of preventing an intergenerational acceleration of the obesity and diabetes epidemic [11] .
